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Abstract 
It is rare nowadays for a “new topic” to emerge within the relatively mature field of Structural 
Engineering.  Progressive collapse – or, more particularly, understanding the mechanics of the phenomenon and 
developing suitable ways to accommodate its consideration within our normal frameworks for structural design – can 
be so regarded.  Beginning with illustrations drawn from around the world over several decades and culminating in 
the highly public WTC collapses, those features essential for a representative treatment are identified and early design 
approaches are reviewed.  More recent work is then reported, concentrating on developments of the past seven years 
at Imperial College London, where a comprehensive approach capable of being implemented on a variety of levels 
and suitable for direct use by designers has been under development.  Illustrative results are used to assist in 
identifying some of the key governing features, to show how quantitative comparisons between different 
arrangements may now be made and to illustrate the inappropriateness of some previous design concepts as a way of 
directly improving resistance to progressive collapse. 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
Over time various different structural design philosophies have been proposed, their evolutionary 
nature reflecting: 
y Growing concern to ensure adequate performance. 
y Improved scientific knowledge of behaviour.  
y Enhanced ability to move from craft based to science based and thus from prescriptive to 
quantitatively justified approaches. 
This can be traced through concepts such as:  permissible stress, ultimate strength, limit states and 
performance based.  As clients, users and the general public have become increasingly sophisticated and 
thus more demanding in their expectations, so it became necessary for designers to cover an ever 
increasing number and range of structural issues – mostly through consideration of the “reaching this 
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condition would be to a greater or lesser extent unacceptable” approach.  Therefore issues not previously 
considered (or only allowed for in an implicit, essentially copying past satisfactory performance, way) 
started to require explicit attention in the form of: an assessment of demand, modelling behaviour and 
identification of suitable failure criteria.  The treatment of topics such as fatigue, fire resistance, durability 
and serviceability can all be seen to have followed this pattern.  
To take a specific example:  designing adequate fire resistance into steel framed buildings began (once 
the need had been recognised) with simple prescriptive rules for concrete encasement of vulnerable 
members but it has, in recent years, evolved into a sophisticated discipline of fire engineering, concerned 
with fire loading, the provision of protective systems such as sprinklers, calculation of response in the 
event of a fire and the ability to make quantitative comparisons between alternative structural 
arrangements.  Not only has this led to obvious economic benefits in the sense of not providing fire 
protection where it gave only negligible benefit, it has also led to increased fire safety through better 
understanding of the governing principles and the ability to act intelligently in designing suitable 
arrangements based on a proper assessment of need. 
Prior to the Ronan Point collapse in London in 1968 the terms robustness, progressive collapse, 
disproportionate collapse etc., were not part of Structural Engineering vocabulary.  The consequences of 
the damage done to that 22 storey block of pre-cast concrete apartments by a very modest gas explosion 
on the 18th floor led to new provisions in the UK Building Regulations, outlawing for many years of so 
called system built schemes, demolition of several completed buildings, temporary removal of gas in high 
rise construction and the formation of the Standing Committee on Structural Safety.  Eventually, the 
benefits of properly engineered pre-fabrication were recognised, safe methods for the installation of gas 
were devised and the industry moved on.  However, the structural design guidance produced at that time - 
that still underpins much present day provision - was essentially prescriptive in nature with no real link to 
actual performance. 
Subsequent incidences of progressive collapse such as the Murragh Building and the World Trade 
Centre brought increased attention to the actual phenomenon and issues of how it might reasonably be 
taken into account for those structural designs where it was considered appropriate. In doing this it is, of 
course, essential to include both the risk of a triggering incident and the consequences of a failure so that 
the resulting more onerous structural demands are used appropriately.  Arguably, a disproportionate 
response in terms of requiring costly additional provisions in cases where the risks/consequences are very 
low/very minor may be as harmful as failing to address those cases where the risks/consequences are 
high/severe. 
This paper will review current approaches to design to resist progressive collapse and contrast these 
with work undertaken over the past seven years at Imperial College London, where the goal has been the 
provision of a realistically based method suitable for use in routine design.  The essential features of the 
method will be presented, its use on several examples described and results presented to illustrate how it 
is leading to a better understanding of both the mechanics of progressive collapse and the ways in which 
structural engineers can best configure their structures so as to provide enhanced resistance. 
2. Design to resist progressive collapse  
The two most frequently used design approaches intended to address the issue of progressive collapse 
are: 
y Providing tying capacity  
y Checking alternate load paths  
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Figure 1: Tie Forces in a Frame Structure 
The first is essentially prescriptive and consists of ensuring that beams, columns, connections and floor 
(or roof) can act together to provide a specified minimum level of horizontal tying resistance; the actual 
values required are normally related to the vertical loading.  Figure 1, which is taken from recent US 
Guidance (SEI 2010), illustrates the principle.  The approach is simple to appreciate, requires minimal 
structural calculation and, in situations where the original provisions are found to be inadequate, can be 
made to work by providing more substantial connections and/or additional reinforcement in floor slabs.  
In an interesting recent development, that recognizes the link to the generation of catenary action, US 
Guidance has restricted the use of tying between the structural members to situations in which it can be 
demonstrated that the associated connections can carry the required forces whilst undergoing rotations of 
0.2 radiance.  Where this is not possible, tying should act through the floors and the roof.  However, 
recent studies (Nethercot et al 2010a; Nethercot et al 2010b) have suggested that tying capacity correlates 
poorly with actual resistance to progressive collapse.  Moreover, being prescriptive, it does not permit the 
meaningful comparison of alternative arrangements - a fundamental feature of structural design. 
In its most frequently used form the alternative load path approach presumes the instantaneous loss of a 
single column and then requires that the ability of the resulting damaged structure to bridge the loss be 
demonstrated by suitable calculation (Gudmundsson and Izzuddin 2010). The approach may be 
implemented at varying levels of sophistication in terms of the analysis; for example, recent thinking in 
the United States (SEI 2010) makes provision for any of: linear static, non-linear static or non-linear 
dynamic analysis and provides some guidance on the use of each.  It may also be used as the basis for 
more sophisticated numerical studies of particular structures and particular incidents e.g. forensic work; 
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the best of these – which are likely to be computationally very demanding – have demonstrated their 
ability to closely replicate actual observed behaviour. 
3. Essential features of progressive collapse 
Three features have previously (Nethercot 2010) being identified as essential components of any 
reasonably realistic approach to design against progressive collapse: 
y Events take place over a very short timescale and the actual failure is therefore dynamic. 
y It involves gross deformations, generating large strains, leading to inelastic behaviour as well as 
change of geometry effects. 
y Failure essentially corresponds to an inability of the structure in its damaged state to adopt a new 
position of equilibrium without separation of key elements. 

Figure 2: Simplified multi-level approach for progressive collapse assessment 
Additional features, designed to make the approach attractive for use by practicing Engineers have also 
been proposed (Nethercot 2010):   
y Process should consist of a series of steps broadly similar in concept to those used for 
“conventional” structural design.  
y It should, preferably, be capable of implementation at a variety at levels of complexity – with the 
choice reflecting the importance of the structure. 
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y Any required analysis should utilise familiar techniques; where these require computations beyond 
“hand methods”, these should be based on the use of available analysis software. 
y A realistic and recognisable criterion of failure should be used. 
y Approach should permit study of cause and effect and be suitable for the making of quantitative 
comparisons. 
It was against this background that the studies at Imperial College London have been undertaken.  An 
approach incorporating the three essential features but observing the five desirable features was originally 
developed (Vlassis 2007); it has subsequently been refined (Stylianidis 2010).  Although the starting 
point was column removal, the approach contains a number of distinctive features: 
y Although dynamic response is allowed for, only static analysis is required (Izzuddin et al 2007).  
y The approach may be implemented at structure, sub-structure, floor grillage or individual beam 
level, see Figure 2. 
y A realistic criterion of failure is employed, corresponding to reaching the ductility limits in 
connections. 
y Quantitative comparisons between alternative structural arrangements may readily be made. 
y The approach may be implemented using only explicit formulae, thereby permitting simple and 
rapid calculation. 
Full details of the method, both in its original form which utilises ADAPTIC to perform the 
calculations and in its simplified form, may be found in the series of Imperial papers (2-12).  
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a) First yielding of the tensile components (top bolt row of the support connection) 
b) Ultimate capacity of the beam flange at one of the connections (support) 
c) Ultimate capacity of the system (failure of the bottom bolt row of the mid-span connection) 
d) The axial load becomes zero (the deflection of the beam where the axial load changes from compressive to 
tensile) 
e) The deflection of the beam where the axial load becomes equal to the flange capacity of one of the connections 
(mid-span connection) 
Figure 3: Non-linear static response for a single beam 
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Figure 4: General configuration of the frame 
4. Illustrative results 
The key to understanding the complex interplay of the main structural components during progressive 
collapse is the load-deflection response of an individual beam.  Figure 3 presents a typical result for a 
bare steel beam (either edge, internal or transverse in Figure 4) provided with end-plate connections that 
includes the effects of:  axial restraint from the surrounding structure, material non-linearity and large 
deflections.  Five key stages are marked – only the first and possibly the second would normally be 
considered in conventional structural design.  Thus an obvious feature is highlighted – to be realistic 
analysis of progressive collapse must address forms of behaviour not normally considered.  It is of 
interest that for the particular edge-beam shown (Nethercot 2009) failure in the sense of reaching the 
deformation capacity of the critical connection occurs before any significant catenary action can develop.  
This is the reason for questioning the relevance of tying capacity as a basis for providing the resistance to 
progressive collapse; in the great majority of examples so far examined it simply does not develop before 
the connections become sufficiently distressed that they start to shed load.  
Table 1 summarises results from 19 variants of a floor system based on an actual design built in 
London a few years ago.  Full details of the arrangement studied are available elsewhere (Nethercot et al 
2009); considerations of floor depth dictated the use of heavy shallow beams.  Despite the original 
scheme (Case 1) meeting the UK tying capacity requirements for avoidance of progressive collapse, the 
actual resistance in the event of a sudden column loss was found to be only 20% of that required.  As 
shown by the other entries in the table, using more substantial end connections with greater moment 
capacity and/or rotational stiffness does improve matters but only in a satisfactory way for three of the 
most substantial enhancements (Cases 15, 18 and 19).  In the case of the stiffest and strongest 
arrangement (Cases 16-19), a satisfactory result depends crucially on the connections possessing 
sufficient ductility – a property not normally explicitly considered in structural design calculations.
In a more recent study (Nethercot et al 2010a) both bare steel and composite arrangements have been 
considered.  Figure 5 shows the absence of correlation between increased tying capacity and actual 
resistance to progressive collapse as indicated by the vertical load needed to reach failure for the floor 
system (the equivalent of point c in Figure 1) for both systems.  The findings of Figure 5 are independent 
of whether the mid-span or the support connections are considered.  

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Table 1: Floor System Capacity/Demand Ratio for Various Levels of Strength, Stiffness and Rotation Capacity of Connections. 
Design ĭ u r  
case R R R (mrad)  (=P/Po )
1 0.080 5.2 0.120 0.4 0.034 2.9 80-100 0.20
2 0.225 14.5 0.120 0.4 0.070 4.4 100 0.42
3 0.225 14.5 0.300 18.7 0.070 4.4 100 0.60
4 0.450 14.5 0.300 18.7 0.070 4.4 100 0.77
5 0.225 29.0 0.300 18.7 0.070 4.4 100 0.69
6 0.450 29.0 0.300 18.7 0.070 4.4 100 0.86
7 0.225 14.5 0.600 18.7 0.070 4.4 100 0.70
8 0.225 14.5 0.300 37.4 0.070 4.4 100 0.62
9 0.225 14.5 0.600 37.4 0.070 4.4 100 0.73
10 0.225 14.5 0.300 18.7 0.140 4.4 100 0.63
11 0.225 14.5 0.300 18.7 0.070 8.8 100 0.61
12 0.225 14.5 0.300 18.7 0.140 8.8 100 0.64
13 0.450 14.5 0.600 18.7 0.140 4.4 100 0.91
14 0.225 29.0 0.300 37.4 0.070 8.8 100 0.73
15 0.450 29.0 0.600 37.4 0.140 8.8 100 1.03
16 0.450 29.0 0.600 37.4 0.140 8.8 50 0.85
17 0.450 29.0 0.600 37.4 0.140 8.8 75 0.92
18 0.450 29.0 0.600 37.4 0.140 8.8 125 1.18
19 0.450 29.0 0.600 37.4 0.140 8.8 150 1.37
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a. Bare steel – midspan connection, region of sagging bending moment 
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Figure 5:  Relationship between resistance to progressive collapse and tying capacity 
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The relative importance of the compressive arching or tensile catenary stages of Figure 1 may best be 
appreciated by considering (Nethercot et al 2010a) an arrangement with four specific types of connection 
as described by their compressive capacity (and thus their ability to generate end-moments).  Figure 6, in 
which Ff,Rd and FcRd are compressive resistances of the beam flange and the connection, shows that whilst 
all four static responses eventually merge at beam deflections of around twice the depth, because 
absorbed damage is dependent on the earlier stages pseudo static responses are such that greater moment 
capacity is always beneficial, as illustrated in Figure 7, and that pseudo static floor response, which is the 
real measure of performance, benefits from progressively more moment capacity, as illustrated in Figure 
8.  This figure also shows how failure is normally attained before axial tensile forces start to develop. 
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Figure 6:  Beam static response for various connection compressive capacities 
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Figure 7:  Beam pseudo-static responses for various connection compressive facilities. 
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Figure 8:  Floor responses for various connection compressive capacities 
 
Figure 9: Pseudo static response of restrained secondary beam, with varied end plate thickness 
 
Figure 10:  Response of floor grillage with plate thickness changed at all connections 
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These results, together with others obtained in companion studies, have demonstrated that it is the 
combination of moment capacity, rotational stiffness and deformation capacity for the connections – 
rather than the tying resistance - that controls their ability to provide resistance in the event of a sudden 
column loss.  Further work has therefore investigated ways of balancing these characteristics so as to 
ensure adequate performance.  
The earliest Imperial studies (Izzuddin et al 2008; Izzuddin et al 2008b) suggested that bare steel 
arrangements will struggle to provide adequate resistance to progressive collapse, whilst composite 
arrangements might more easily be shown to be satisfactory.  The main explanation advanced was the 
generally lower levels of rotational stiffness and moment capacity of the former as compared with broadly 
equivalent composite arrangements.  For example, simply increasing the amount of slab reinforcement, 
which directly improves the connection’s moment capacity, was normally effective – although previous 
work on composite connections had cautioned that too much reinforcement might result in reduced 
ductility, possibly due to a change in the governing mode of the connection failure.  Thus securing an 
appropriate balance between strength, stiffness and ductility was seen as crucial. 
For bare steelwork, connection properties may readily be changed by altering endplate thickness and 
bolt number and layout.  Figure 9 illustrates how pseudo static beam responses improve for the case of a 
restrained secondary beam as plate thickness increases up to a limit of around 14mm, after which 
connection failure due to lack of ductility precedes the attainment of maximum beam resistance and 
compressive arching action.  When a complete floor grillage is considered for the internal column 
removal case, the effects of increases in end-plate thickness are to cause control to shift from the primary 
beam connections to the secondary beam connections as shown in Figure 10. 
The results of a parametric study (Nethercot et al 2009) of the behaviour of composite floors has been 
presented in a form that also permitted direct comparison with the behaviour of broadly equivalent bare 
steel systems.  The nine different column removal scenarios of Figure 11, covering internal, edge and 
corner columns were considered.  Figure 12 compares the floor response for each case with the pseudo 
static response for each type of individual beam, with the cause of failure being shown in every case.  For 
individual beams the critical component depends upon beam span, degree of axial restraint and stiffness 
of the mid-span connection – except in the case of cantilevers, when it is always the beam bottom flange.  
Only in the case of the axially restrained longitudinal beam, for which some catenary action develops at 
low beam deflections accompanied by relatively little deformation of the compressive components due to 
the high beam L/D, is the reinforcement critical.  This, in turn, leads to lower ductility compared to the 
corresponding axially unrestrained beam for which the increased rebar deformation after yielding of the 
support bottom flange is negligible and the bottom bolt row of the mid-span connection governs.  This is 
also the case for both axially restrained and unrestrained transverse beams for which rotation of the 
support connection is governed by deformation of the bottom flange.  Figures 11(b) and 11(d) show that 
except for column removal scenarios E1, E2 and C1, for which transverse beam capacity is governed by 
yielding of their bottom flanges, the transverse beams are the critical members.  For scenarios E1 and E2 
it is longitudinal beam capacity that governs, whilst for case C1, for which the effective floor grillage is 
composed entirely of cantilevers, failure is associated with the connection compressive resistance of all 
the participating beams.  Generally speaking it is the beams that exhibit the highest resistance i.e. whose 
load – deformation response plots highest, that have greatest influence on the collapse of the floor grillage.  
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Figure 11: Plan view of the floor area and depiction of the various column removal scenarios 
 
Figure 12: Progressive collapse assessment of composite frame 
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Since the limitations on the composite floor responses were largely caused by low capacities of the 
connection compressive components, possible improvements were investigated (Nethercot et al 2010a).  
Stiffening of the beam flanges was felt to be the most effective.  Table 2 compares capacity/demand ratios 
for each case with the original values.  Interestingly, not every scenario shows an improvement.  When 
floor response is governed by the behaviour of the axially restrained beams (A1, A2, E3), enhancing 
connection compressive capacity and thus the potential for compressive arching action provides 
worthwhile improvements.  However, for some short-span transverse beams ductility decreases since 
rotations of the support connection are associated solely with tensile deformations, so enhancing 
connection compressive capacity actually leads to reductions in floor resistance due to the reduced 
ductility.  
Table 2: Capacity-demand ratios for the various column removal scenarios 
Column removal scenarios 
Capacity-Demand ratios (r=qRD/qsd) 
tp = 10mm, w/o FS tp = 10mm, w/  FS 
Composite Composite 
I1 0.99 1.34 
I2 0.98 1.26 
I3 0.97 0.94 
I4 0.96 0.88 
E1 1.13 0.10 
E2 1.12 0.98 
E3 1.27 1.83 
E4 1.22 1.12 
C1 0.89 0.97 
5. Conclusions 
The emergence of progressive collapse as a “new topic” within Structural Engineering has been 
identified and aspects of its occurrence in practice and treatment in design provisions reviewed.  Selected 
findings from a long term research study at Imperial College London have been used to explain some 
features of the controlling mechanics for steel and composite multi-storey frame structures.  These 
advances in understanding call into question some well established design approaches – notably the link 
between increases in tying capacity and actual resistance against progressive collapse – and illustrate the 
importance of ensuring an appropriate balance between strength, stiffness and ductility in the connections.  
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